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RadiationAbstract In the present paper, a numerical model combining radiation and conduction for porous
materials is developed based on the ﬁnite volume method. The model can be used to investigate
high-temperature thermal insulations which are widely used in metallic thermal protection systems
on reusable launch vehicles and high-temperature fuel cells. The effective thermal conductivities
(ECTs) which are measured experimentally can hardly be used separately to analyze the heat trans-
fer behaviors of conduction and radiation for high-temperature insulation. By ﬁtting the effective
thermal conductivities with experimental data, the equivalent radiation transmittance, absorptivity
and reﬂectivity, as well as a linear function to describe the relationship between temperature and
conductivity can be estimated by an inverse problems method. The deviation between the calculated
and measured effective thermal conductivities is less than 4%. Using the material parameters so
obtained for conduction and radiation, the heat transfer process in multilayer thermal insulation
(MTI) is calculated and the deviation between the calculated and the measured transient tempera-
tures at a certain depth in the multilayer thermal insulation is less than 6.5%.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Thermal insulation is a subject of great interest to the new gen-
eration of reusable launch vehicles and thermal protection sys-
tems,1 which can sustain severe heating during the process of
aerodynamic reentry when the surface temperature is high.
The heat transfer inside thermal insulators is composed of con-
duction, natural convection and radiation. Convection can be
neglected2,3 in porous media at high temperatures and
Fig. 1 Energy balance of layer i.
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the dominant mode of heat transfer when the temperature is
higher than 573 K.4Heat transfer through ﬁbrousmedia has dis-
played that radiation accounts for 40%–50% of the total heat
transfer inside light-weight ﬁbrous thermal insulations at mod-
erate temperatures.5 The complex coupling of conductivity, con-
vection and radiation, especially the radiation, makes the
analysis and the design of thermal insulations difﬁcult.
Heat transfer through ﬁbrous and multilayer insulations has
been investigated by various researchers, both experimentally
and analytically during the last 30 years. Two main problems
exist in the characterization of the thermal insulations. As the
effective thermal conductivity (ETC) measured by experimental
apparatus cannot be directly used to analyze the thermal behav-
ior of high-temperature insulation, parameters measured need
to be separated into two parts: radiation and thermal conductiv-
ity parameters. And the low value of effective thermal conduc-
tivity makes it difﬁcult to obtain thermal conductivity at a
certain temperature. Lee and Cunnington6 provided a compre-
hensive review of heat transfer in generally porous materials.
Walter et al.7 used the ﬁrst-principle approach to analyze com-
bined heat transfer in a highly porous silica insulation material
called LI900. The two ﬂux approximation was frequently used
to describe the thermal behavior of ﬁbrous insulation. Tong
et al.8,9 used the two ﬂux model which assumed a linearized
anisotropic scattering to model heat transfer inside ﬁbrous ther-
mal insulation and compared the calculated values with experi-
mental data up to 450 K at 105 Pa. Zhao et al.10–12 used the two
ﬂux model that assumed a modiﬁed factor of extinction and an
equivalent albedo of scattering to model the heat transfer of
ﬁbrous insulation used in thermal protection. Daryabeigi1,13
modeled heat transfer in alumina ﬁbrous insulation to predict
effective thermal conductivities at gas pressures 102 Pa and
105 Pa and at temperatures up to 1273 K. Themodel was based
on a modiﬁed two ﬂux approximation assuming anisotropic
scattering and gray medium. The two ﬂux approximation con-
tained such parameters as the speciﬁc extinction coefﬁcient,
albedo of scattering, backscattering fraction, solid conduction
exponent term, etc. Generally, these parameters were obtained
by experimental andnumericalmethods. Formultilayer thermal
insulations (MTIs), Spinnler et al.4,14 modeled heat transfer in
multilayer thermal insulations using a radiation scalingmethod.
Themodel was used to calculate the effective thermal conductiv-
ities at temperatures between 473 K and 1273 K and make
optimization of multilayer thermal insulation. Li and Cheng15
developed a model using an energy balance equation, which
was concerned with radiation emissivity, perforation coefﬁcient
and neglected the radiation ﬂux in spacer materials, for steady
temperature calculation of the insulation layer in a multilayer
perforated insulation material at 300 K and made optimum
design of the multilayer perforated insulation material.
In this work, we established a model based on the ﬁnite vol-
ume method to investigate the thermal behaviors of both the
ﬁbrous insulation and multilayer thermal insulation, which
contains the following thermal parameters: the effective con-
ductivity of the solid and gas, equivalent radiation transmit-
tance, absorptivity and reﬂectivity. These thermal parameters
can be used to study the thermal behavior of high-temperature
insulations, and to solve the difﬁculty of analyzing thermal
behavior with effective thermal conductivity. The relationship
between temperature and thermal conductivity of the solid and
gas was also investigated to calculate the conductivity at acertain temperature. Experimental and numerical methods
were combined to optimize the parameters of high-tempera-
ture insulation by an inverse problems method. Finally, the
calculated results were compared with the measured data
under different conditions.
2. Experimental apparatus
In this work, the effective thermal conductivity of thermal
insulation was measured according to YB/T4130-2005 in
Luoyang Institute of Refractories Research, China.16 The
effective thermal conductivity was measured under atmo-
spheric pressure with the nominal hot temperatures set at
473 K, 573 K, 673 K, 773 K, 873 K, 973 K, 1073 K, 1173 K,
1273 K, 1373 K and 1473 K. The uncertainty of the measured
effective thermal conductivity was approximately 8%.
In order to study the transient thermal behavior of multi-
layer thermal insulation, a graphite heater (20 WM electric
arc wind tunnel) was used to provide a time-dependent surface
temperature. The multilayer thermal insulation was composed
of 5 mm calcium silicate and aluminum silicate ﬁbers (CA) and
10 mm nanoporous silica ﬁbers (NP2) with carbon screens per
2 mm. The multilayer thermal insulation was placed between a
septum plate and a water-cooled plate. Thermocouples were
used to measure the front and back surface transient tempera-
tures as well as the internal temperature responses of
multilayer thermal insulation at the depth of 5 mm as shown
in Section 6.
3. Theoretical analysis
Heat transfer through high-temperature insulation is com-
posed of conduction, natural convection and radiation. Stark
and Fricke pointed out that natural convection heat transfer
can be neglected2 through porous media. Therefore, the
governing conservation of the energy equation for one dimen-
sional heat transfer inside thermal insulations which combines
conduction and radiation can be described as17,18:
qc
@T
@t
¼ @
@x
kc
@T
@x
 
 @qr
@x
ð1Þ
subject to the following initial and boundary conditions:
Tðx; 0Þ ¼ T0ðxÞ
Tð0; tÞ ¼ T1ðtÞ
TðL; tÞ ¼ T2ðtÞ
8><
>: ð2Þ
where q is density; c is speciﬁc heat capacity; kc is the effective
conductivity of the solid and gas; qr is the radiation heat ﬂux;
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iﬁed temperature on the boundaries.
The ﬁnite volume method is used to solve the governing
conservation of the energy equation. This means that the ther-
mal insulation material is divided into N thin, gray, isothermal
layers. For layer i, the energy equation is composed of six parts
(see Fig. 1): q0i;c; q
00
i;c are the heat ﬂuxes conducted from i  1
direction and i+ 1 direction, respectively; q0i;e, q
00
i;e are the radi-
ation heat ﬂuxes emitting from the two sides of layer i;
eiG
þ
i ; eiG

i are the radiation heat transfer absorbed from i  1
direction and i+ 1 direction, respectively.
The above heat ﬂuxes can be described based on Fourier’s
law and radiation law:
q00i;c ¼ kIþ1
Ti  Tiþ1
Dx
q0i;c ¼ kI1
Ti1  Ti
Dx
q0i;e ¼ q00i;e ¼ eirðTiÞ4
8>><
>>:
ð3Þ
where kI is the mean thermal conductivity of the solid and gas
between layer i  1 and layer i; kI+1 is the mean thermal con-
ductivity of the solid and gas between layer i and layer i+ 1;
kI1 is the mean thermal conductivity of the solid and gas
between layer i and layer i  1; Ti1, Ti and Ti+1 are the tem-
perature values of the corresponding layers, respectively; Dx is
the distance between the corresponding layers; ei is the emissiv-
ity/absorptivity of layer i; r= 5.67 · 108 W/(m2ÆK4) is Ste-
fan–Boltzmann’s constant.
Here, the mean thermal conductivity of the solid and gas
between layers can be given as:
kIþ1 ¼ 2kikiþ1ki þ kiþ1
kI1 ¼ 2kiki1ki þ ki1
8><
>: ð4Þ
where ki is the thermal conductivity of layer i; ki+1 is the ther-
mal conductivity of layer i+ 1; ki1 is the thermal conductivity
of layer i  1.
For a steady stability balance:
q0i;c  q00i;c þ eiðGþi þ Gi Þ  q0i;e  q00i;e ¼ 0 ð5Þ
For a transient heat transfer process, the energy variation
during Ds s can be described as:
qk
0
i;c  qk
00
i;c þ eiðGkþi þ Gki Þ  qk
0
i;e  qk
00
i;e ¼ Dxqici
Tkþ1i  Tki
Ds
ð6Þ
where superscript k refers to time k s; Tkþ1i , T
k
i are the temper-
ature values of layer i at time k s; qi is the density of layer i; ci is
the speciﬁc heat capacity of layer i. The transient temperature
ﬁeld of thermal insulation can be calculated based on the
energy equation of transient heat transfer above.
The densities of incident forward radiant (Gkþi ) and back-
ward radiant (Gki ) ﬂuxes are governed by the following
relationships9:
Gkþi ¼ hi1Gkþi1 þ ei1rðTki1Þ
4 þ ci1Gki1
Gki ¼ hiþ1Gkiþ1 þ eiþ1rðTkiþ1Þ
4 þ ciþ1Gkþiþ1
(
ð7Þ
where h, e, c stand for radiation transmittance, emissivity/
absorptivity and reﬂectivity, respectively.
The forward radiation ﬂux (Gkþi ) is composed of three parts:
the forward radiation ﬂux of layer i  1 passing through layeri  1, the radiation ﬂux emitted from layer i  1, the backward
radiation ﬂux of layer i  1 reﬂected by layer i  1. Similarly, the
backward radiation ﬂux (Gki ) is composed of three parts: the
backward radiation of layer i+ 1 passing through layer i+ 1,
the radiation emitted from layer i+ 1, the forward radiation
ﬂux of layer i+ 1 reﬂected by layer i+ 1.
Assuming that the bounding solid surfaces are emitting/
reﬂecting surfaces, the radiant boundary conditions are:
Gkþ2 ¼ e1rðTk1Þ
4 þ ð1 e1ÞGk1
GkN1 ¼ eLrðTkLÞ
4 þ ð1 eLÞGkþL
(
ð8Þ
where subscripts 1 and L refer to the bounding surfaces.
Matrix equations made by the equations for the densities of
incident radiant ﬂuxes Eq. (7) and the boundaries conditions
Eq. (8) can be given below:
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Eqs. (5) and (9) are used to calculate the steady stability of
high-temperature insulation, while Eqs. (6) and (9) are used to
calculate the transient temperature distribution of the high-
temperature insulation. To solve the steady heat transfer pro-
cess, an initial temperature distribution is given which can be
used to calculate incident radiation ﬂuxes based on Eq. (9).
Eq. (5) is solved only after the temperature at each volume ele-
ment remains unchanged with successive iterations and the
steady-state conditions are achieved. Eq. (6) is developed to
solve the transient heat transfer conditions. Similarly, an initial
temperature distribution at time 0 s needs to be given which
can be used to calculate incident radiation ﬂuxes based on
Eq. (9), and then temperature distributions at time 1 s,
2 s, . . . , k s can be calculated. Particularly, when the analytical
model is used for multilayer insulations, the reﬂectivity screen
between space materials must be divided into a separate layer.4. Parameter estimation
The effective conductivity of the solid and gas, radiation trans-
mittance, radiation absorptivity and radiation reﬂectivity are
794 C. Huang, Y. Zhangnot known and are estimated using parameter estimation
techniques to obtain equivalent parameters. The strategy
function is the effective thermal conductivities based on the
least-squares minimization of the difference between the
measured and predicted values for ﬁbrous samples.
S ¼
Xn
i¼1
½ke-mðiÞ  ke-pðkc1; kc2; e; h; cÞ2 ð10Þ
where ke-m is the measured effective conductivity; ke-p is the
predicted effective conductivity.
Eq. (10) is subject to the following physical constraints:
0 < e < 1
0 6 c < 1
h ¼ 1 e c
8><
>: ð11Þ
Effective thermal conductivities for the ﬁbrous thermal
insulation samples (see Fig. 2) are: Sample 1 aluminum silicate
ﬁbers (AS) with the density of 190 kg/m3 and the thickness of
12.10 mm, Sample 2 CA with the density of 310 kg/m3 and the
thickness of 10.47 mm, Sample 3 NP2 with the density of
380 kg/m3 and the thickness of 8.53 mm were measured based
on a water-cooled plate thermal conductivity apparatus as
mentioned in Section 2. Fig. 2 shows the relationship between
the effective thermal conductivity and the average temperature
for the three samples.
It is assumed that the equivalent radiation transmittance,
absorptivity and reﬂectivity are independent of temperature,
while the conductivity of the gas and solid is a linear function
of temperature:
kc ¼ kc1 þ kc2T ð12Þ
The radiation transmittance of ﬁbrous insulation is
h= 1  e  c. Therefore a total of four parameters (kc1, kc2, -
e, c) need to be estimated.
The MATLAB optimization toolbox is used to solve the
least-squares minimization problem and the results of the
least-squares minimization parameter estimation are discussed
below. For Sample 1, the estimated equivalent radiation
absorptivity/emissivity is 0.64, the equivalent radiation trans-
mittance is 0.27, the equivalent radiation reﬂectivity is 0.09
and the equivalent conductivity of the gas and solid is
kc = 1.12 · 102 + 4.27 · 105 T. For Sample 2, the estimated
equivalent radiation absorptivity/emissivity is 0.75, the equiva-
lent radiation transmittance is 0.23, the equivalent radiationFig. 2 Relationship between effective thermal conductivity and
average temperature for three samples.reﬂectivity is 0.01 and the equivalent conductivity of the gas
and solid is kc = 2.75 · 102 + 1.89 · 105 T. For Sample 3,
the estimated equivalent radiation absorptivity/emissivity is
0.81, the radiation equivalent transmittance is 0.11, the equiva-
lent radiation reﬂectivity is 0.08 and the equivalent conductivity
of the gas and solid is kc = 1.57 · 102 + 5.02 · 106 T.
Therefore, the heat transfer process of thermal insulation
can be determined by ﬁve equivalent parameters which can
be used to calculate the conductivity of the solid and gas at
a certain temperature and to investigate the transient process
of high-temperature thermal insulation. Here, the linear func-
tion between conductivity and temperature is useful in evaluat-
ing the thermal behavior of thermal insulation. The evaluation
of estimated parameters and the transient heat transfer
through multilayer thermal insulation are discussed below.
5. Evaluation of the parameter estimation
For evaluating the numerical model, numerical predictions of
effective thermal conductivities based on the estimated param-
eters are compared with experimentally measured effective
conductivities. The comparisons between the measured and
predicted values are discussed below (see Fig. 3).
Figs. 3(a)–(c) show the effective thermal conductivity differ-
ences between the three predicted and measured samples.
Clearly, the predicted effective thermal conductivity shows a
good agreement with the measured result with the maximum
deviations of less than 4% as shown in Fig. 3(d). Siegel and
Howell reported that for optically dense sLP 1 porous mate-
rials the effective thermal conductivity can be expressed in
terms of the local radiation temperature TR as
19:
keff ¼ kc þ 16
3
 ~n
2
b
rT3R ð13Þ
where ~n is effective index of refraction; b is extinction coefﬁ-
cient. Therefore, the effective thermal conductivity can be
analogously described as a linear function of T3R and the same
relationships are observed for both measured and predicted
samples. Due to the fact that the predicted effective thermal
conductivity can be expressed as a linear function of T3R and
agrees well with the measured effective thermal conductivity,
the theoretical analysis mode can be used to solve the heat
transfer inside thermal insulations. Therefore the assumption
of equivalent conductivity of the gas and solid as a linear func-
tion of temperature and the equivalent radiation transmit-
tance, absorptivity, reﬂectivity is reasonable.
6. Transient analysis for multilayer thermal insulation
Multilayer thermal insulation is composed of highly reﬂective
radiation shields (screens), which can signiﬁcantly reduce the
radiation heat transfer at high temperatures, and high-temper-
ature insulation materials as spacers.20,21 In the present study,
a theoretical numerical model and estimated parameters are
used to investigate the transient temperature variation in mul-
tilayer thermal insulation. Particularly, when the theoretical
numerical model is used to study multilayer thermal insula-
tion, the reﬂectivity screen between space materials must be
divided into a separate layer. Here, the transient heat behavior
of Sample 4 is discussed. Sample 4, which is composed of 5 mm
CA and 10 mm NP2 with ﬁve carbon screens per 2 mm, is
Fig. 3 Comparisons between measured and predicted samples.
Fig. 4 Temperature differences between the predicted tempera-
ture and the measured ones at the depth of 5 mm.
Fig. 5 Deviation between measured and predicted temperatures
at the depth of 5 mm.
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CA. The temperature variation at the depth of 5 mm is mea-
sured. In order to solve the transient heat transfer conditions,
Eqs. (6) and (9) are used to calculate the temperature variation
at the depth of 5 mm (see Fig. 4).
Fig. 4 shows the temperature differences between the pre-
dicted temperature and the measured ones at the depth of
5 mm. Fig. 5 shows the deviation of the predicted temperature
from the measured temperature against time. The deviation is
from 6.5% to 1.0%. After 100 s, the deviation is stable at
near 5.5%. As seen from the ﬁgures above, the calculation
model underestimates the temperature variation of multilayer
thermal insulation within 6.5%. Clearly the measured tem-
perature variation and the predicted values correspond well
inside multilayer insulations. Therefore, the validity of the esti-
mated equivalent parameters for high-temperature insulations
can be conﬁrmed and the calculation model can be used to
investigate the thermal behaviors of multilayer thermal
insulation.
7. Conclusion
This paper investigates a theoretical model combining radia-
tion and conduction heat transfer to study the heat transfer
behavior of high-temperature insulation based on the ﬁnite
volume method. The theoretical model can be used for single
ﬁbrous thermal insulation and it may be used to investigate
796 C. Huang, Y. Zhangthe thermal behavior of multilayer thermal insulation. In this
paper, we use the equivalent radiation transmittance, absorp-
tivity, reﬂectivity to investigate the radiation heat transfer
behavior and a linear function to describe the relationship
between temperature and conductivity of the solid and gas.
These parameters can be estimated by inverse problems
method as mentioned above.
Comparisons, with deviations less than 4%, have been car-
ried out between the predicted effective thermal conductivities
and the measured ones in high-temperature insulation and the
deviations of comparisons between the predicted transient
temperature variations and the measured ones are less than
6.5% at the depth of 5 mm in multilayer thermal insulation.
The results conﬁrm the validity of the results and the good
behavior of the theoretical model.
In future work, we decide to use the equivalent parameters
to simulate the thermal behaviors of ﬁbrous insulation and
analyze the inﬂuence on the thermal behaviors by changing
parameters. Also, our theoretical model provides a way to
make optimization of multilayer thermal insulation. We decide
to ﬁnd out the best situation for the screens in multilayer ther-
mal insulation to improve the thermal behaviors of the insula-
tions and which kind of thermal insulation materials is suitable
for being the space layers in multilayer thermal insulation.
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